INTRODUCTION
The spring phytoplankton bloom in fjordic environments is the most important period of carbon flux during the year, with high new production, biomass accumulation and often high sedimentation rates (Wassmann 1991 ). In the sub-arctic fjords of northern Norway, spring blooms generally happen from late March to late April and are responsible for approximately 50% of the annual production (e.g. Eilertsen & Taasen 1984) . The 'classical' view of spring blooms at high latitudes is that they are dominated by relatively large phytoplankton that support short food chains with low levels of recycling and efficient transfer of production to higher trophic levels, including fisheries (Cushing 1989 , Legendre & Le Fèvre 1989 , Legendre 1990 ). The fjords of northern Norway are closely connected to the water masses of the continental shelf and are an integral part of the open coastal zone and shelf seas that support the recruitment of major stocks of fish including herring, capelin and cod.
A Phaeocystis pouchetii-Chaetoceros socialis-Nitzschia grunowii spring phytoplankton assemblage commonly occurs in north Norwegian fjords (Eilertsen et al. 1981a ). However, the relative abundance of taxa can show considerable interannual variability, with implications for the fate of primary production (Eilertsen et al. 1981a , Eilertsen & Taasen 1984 . Resource-versus predator-based competition is thought to account for these variations (Verity & Smetacek 1996 , Lancelot et al. 1998 . Calanus finmarchicus and Metridia longa are the most important herbivorous mesozooplankton grazers in north Norwegian fjords. Both species spawn in April (Tande 1982 , Tande & Grønvik 1983 and their nauplii start to feed towards the end of April, too late to take advantage of the major period of the spring bloom (Eilertsen & Taasen 1984) . However, the bloom may be grazed by overwintering or migrating populations of copepods and euphausiids (e.g. Hopkins et al. 1984 , Norrbin 1994 . The sedimentation of carbon in the form of fecal pellets is generally high compared to ungrazed phytoplankton at this time, which is evidence of significant zooplankton herbivory (e.g. Riebesell et al. 1995 . Similarly, polyunsaturated fatty acids, most likely originating from P. pouchetii, were found in several zooplankton taxa from these fjords, suggesting active grazing on the colonial form of P. pouchetii (Sargent et al. 1985) .
Few studies have examined the contribution of small phytoplankton to primary production or addressed the fate of that production in north Norwegian fjords. Photosynthetic nanoplankton, including the solitary cells of Phaeocystis pouchetii are an abundant component of the spring assemblage (Eilertsen et al. 1981a) . In contrast to the colonial phase, the flagellate stage of Phaeocystis is thought to support a community based on a microbial food web, with regeneration of nutrients and carbon in surface waters (Weisse et al. 1994 , Lancelot et al. 1998 . Grazing by microzooplankton, particularly ciliates, may control the single cell phase of Phaeocystis (Weisse & Scheffel-Möser 1990 , Hansen et al. 1993 ) and thereby affect the development and competitiveness of the colonial form during the spring bloom. Small-celled phytoplankton and nano/microzooplankton were found to dominate the waters of 2 west Norwegian fjords in late spring (Verity & Vernet 1992) and the surface waters of the north Norwegian shelf from March to October (Verity et al. 1999) . In both cases, the microbial food web was responsible for much of the production and consumption of particulate organic matter in the euphotic zone. Microzooplankton are also important because they act as a food source for meso/macrozooplankton, channeling energy and nutrients from the microbial loop to higher trophic levels (reviewed in Stoecker & Capuzzo 1990 , Gifford 1991 .
The objective of the present study was to determine the role of microzooplankton in the fate of primary productivity and progression of the spring phytoplankton bloom in high latitude fjords where P. pouchetii is a dominant feature. To do this we examined the taxonomic composition, abundance and biomass of microzooplankton communities in 3 fjords and used a combination of approaches to quantify their impact on primary production and food web structure. The study reported here is part of the ESCAPE (Entangled Sulfur and CArbon cycles in Phaeocystis pouchetii-dominated Ecosystems) programme, carried out in northern Norway in 1997 (Stefels 1997) .
METHODS
Research strategy. Visits to 3 fjords were conducted during April 1997 aboard the RV 'Johan Ruud'. Balsfjord, Malangen, and Ullsfjord ( it from Malangen being the most important. Malangen is connected to coastal waters by a narrow but deep (~240 m) sill, and sampling took place in the outer of the 2 basins in the 60 km long fjord. Of the 3 fjords, the 70 km long Ullsfjord is the most open to coastal waters, with a wide entrance and 170 m deep sill.
Our objectives were to combine frequent estimates of herbivory by microzooplankton with vertical profiles of plankton biomass and information on the composition of grazer communities. The plankton biomass data reported here reflect the dawn samplings at up to 9 depths from the surface to 170 m. Each day after the dawn profile, 50 l of surface water was collected with an acid-cleaned water bottle and stored in 2 cleaned carboys, for use in dilution experiments. Additional surface water was collected and stored briefly in carboys during transit (ca 1 h) to the University of Tromsø, where samples were prepared to determine concentrations of chlorophyll a (chl a) and the composition, abundance, biomass, and grazing rates of planktonic ciliates. These measurements and experiments could not be performed aboard ship because of space limitations.
Characterisation of the microbial community. Chl a: Subsamples (1 to 4 l) collected from each depth of the dawn cast were filtered over Whatman GF/F filters, wrapped in aluminium foil, quickly frozen in liquid nitrogen and stored at -80°C. After freeze-drying the filter, pigments were extracted in 90% acetone in the dark for >12 h at 4°C. Pigments were analysed by HPLC on a Pharmacia-LKB liquid chromatograph.
Abundance and biomass of autotrophs: Samples (250 ml) from surface water collected at dawn were fixed with a modified Lugol's solution (Rousseau et al. 1990) . After sedimentation, cells were counted with an inverted microscope (Olympus IMT-2). The biovolumes of each taxon were computed from the form and size of cells using specially developed software. For diatoms an approximation of the biovolume was calculated by assuming a mean plasma layer of 1 µm between the cell membrane and the vacuole (Edler 1979) , giving a mean biovolume of 30% of the total cell volume. The carbon content of autotrophs was calculated from cell biovolume according to the conversion factors of Edler (1979) .
Abundance and biomass of heterotrophs: Numerically abundant heterotrophic protozoa < 200 µm, including ciliates, aplastidic flagellates and dinoflagellates (the microzooplankton), were enumerated in samples from 0, 4, 8, 12, 20, 40, 60, 100 , and 170 m. Bacteria were enumerated in samples from 0, 20, 40, 60, and 100 m. Subsamples for microzooplankton were preserved in glutaraldehyde (final concentration = 0.3%) and then stained with 3-6-diaminoacridine hemisulfate (proflavin) for 1 min (5 µg ml -1 final concentration) and 4'6-diamindino-2-phenylindole (DAPI) for 4 min (5 µg ml -1 final concentration). Samples for bacteria were stained only with DAPI. Separate volumes were then filtered onto 0.2 and 0.8 µm black Nuclepore filters: bacteria were measured on the smaller pore-size filters, and microzooplankton on the larger filters. To achieve an even distribution for counting and measurement purposes, black filters were placed on top of pre-wetted Whatman GF/F backing filters. After filtration, the damp filter was placed on a slide. A drop of low fluorescence immersion oil was placed on top of the filter, which was covered with a cover slip and frozen at -20°C. Samples were analyzed upon return to the laboratory.
An Olympus BX-60 microscope equipped with 100 W epifluorescence illuminators was employed, with appropriate exciter/barrier filter sets for UV (335 to 365 nm), blue (435 to 490 nm), and green (510 to 560 nm) excitation. Dinoflagellates were distinguished from other flagellates based upon cell morphology and structure of the nucleus, especially the unique condensed chromosomes visible by DAPI staining. Heterotrophic and autotrophic cells were discriminated by the absence and presence of autofluorescent chloroplasts, respectively. The autotrophic category also includes mixotrophic cells. Cell abundance, dimensions, and biovolumes were determined via quasi-automated color image analysis equipped with a Photonics Science cooled integrating 3-chip color CCD with variable frame rates from 1/10 000 s to 4 min and an electronic shutter mounted in-line in the microscope lightpath so that the sample was exposed to excitation for only as long as the camera shutter was open. The computer could automatically select random locations on the slide and return to each location ±1 µm. The commercial driver software (Image Pro Plus v3.0) was customised so that the entire process (focusing, opening an electronic shutter, grabbing an image, closing the shutter, and moving to a new location) was automated and computer-controlled.
A minimum of 200 plankton cells of each type and 20 image fields of bacteria (typically 1000 cells) were measured. The average coefficient of variation of triplicate counts of bacteria and nanoplankton was 8 and 11%, respectively. Data were automatically transferred to spreadsheets, and every cell in an image was uniquely identified for post-measurement visual confirmation. Cell biovolume measurements were converted to carbon biomass using conversion factors based on literature values of the carbon density of bacteria (Kroer 1994 ) and nano-and microplankton .
Primary production. Net primary production (NPP) was determined from TCO 2 analyses in incubated samples. From the dawn cast, samples from the top 5 depths were directly poured into oxygen bottles and incubated in an on-deck incubator that was kept at in situ temperature for 24 h. Duplicate samples were stored in 5 incu-bator tubes with different light levels: light was attenuated with blue-light sheets at 54, 30, 14, 6.3 and 2.4% of the incoming light. Community respiration (DCR) was measured in samples placed in the dark. After incubation, the samples were fixed with mercuric chloride and stored cool until analysis in the laboratory. Time-zero concentrations were taken from the TCO 2 profile measurements. TCO 2 was analysed within 36 h by coulometry (Stoll et al. 1993) . NPP was calculated by subtracting the TCO 2 of the incubated bottles from the time-zero values. Gross primary production (GPP) was calculated from the combination of NPP and DCR. In order to calculate the total water column primary production, daily attenuation of light over the water column was measured with a spherical quantum sensor.
Determination of herbivory. A dilution approach was used to determine the rates of herbivory by the microzooplankton community, and fluorescently labeled algae (FLA) were used as tracers of the clearance rates of nanophytoplankton cells by ciliates.
Dilution protocol: Surface water was apportioned into 2 carboys for use as dilution water and experimental water. All equipment which came into contact with seawater (e.g. carboys, tubing, filtration equipment, and meshes) was stored in dilute acid between uses and rinsed with deionized water immediately prior to use. Dilution water was prepared by gravity filtration directly from carboys through sequential 3.0 and 0.2 µm Gelman capsule filters into 25 l polyethylene carboys. This process removed all phytoplankton, including the smallest picoplankton, which has been shown previously and was confirmed here by pigment fluorometry. Most bacteria were also retained except very small vibrios. The capsule filters were soaked in 10% HCl for 1 d before initial use and in between uses. Prior to each use, ca 10 l of seawater were passed through them to remove any traces of acid. Post-cruise nutrient analyses showed that the concentrations of ammonium, nitrate+nitrite, silicate, and phosphate were the same in seawater before and after capsule filtration, as previously shown in more oligotrophic waters . Cartridges were changed after every 3 experiments.
Concurrently, experimental water was gently sieved through a 200 µm Nitex mesh into a separate acidcleaned polyethylene carboy. Two litre Teflon bottles served as incubation vessels. Experimental water was gently added to dilution water to create 5 duplicated dilution treatments in 20% increments. Dissolved inorganic nitrogen and silicate concentrations were typically 1 to 3 µM and phosphate was 0.3 to 0.5 µM (P.G.V. unpubl. data), as expected for this time of year (Hegseth et al. 1995) . Low concentrations of macronutrients (NO 3 :Si:PO 4 = 5:5:0.5 µM) were added during the experiments to minimize potential nutrient limitation; however, nutrients did not decrease significantly during the experiments (P.G.V. unpubl. data). Bottles were incubated in flowing seawater in deck incubators covered with 1 layer of neutral density screening to match near-surface irradiance. Incubations typically began at 09:00 h local time; at T 0 and T 24 hours, samples were collected to measure chl a from all dilutions. Samples for chl a were collected in duplicate on Gelman GF/F filters, stored frozen in the dark, and measured fluorometrically after dark extraction into cold 90% acetone using a Turner Designs fluorometer (Strickland & Parsons 1972) . Calibration factors were determined and checked at regular intervals using pigments derived from phytoplankton cultures and measured using HPLC. The range in coefficients of variation for chl a was 3 to 5%.
Phytoplankton growth rates and grazing by microzooplankton were estimated as described by Landry & Hassett (1982) and Landry (1993) . Deviations from linearity in the relationship between apparent growth rate and dilution (Gifford 1988 , Gallegos 1989 were not apparent in these experiments, similar to observations in other Norwegian fjords (Verity & Vernet 1992) and in the adjacent Barents Sea (P.G. V. et al. unpubl.) .
FLA experimental protocol: Heat killed FLA were prepared from a clonal culture of Chlorella stigmatophora (PCC 85) to act as analogues of nanophytoplankton, in particular the solitary cells of Phaeocystis pouchetii. Cells were stained with 5-([4, 6-dichlorotriazin-2-yl]amino) fluorescein (DTAF) (Sigma) (Sherr et al. 1987 , Rublee & Gallegos 1989 ) and stored in 1 ml aliquots at -20°C in pyrophosphate buffer solution. Prior to use, thawed aliquots were examined to check that the FLA had not formed clumps and that their fluorescence was sufficiently bright. The mean diameter of the FLA after thawing was 4.8 ± 0.6 (SD) µm.
Water samples were collected from near the surface at dawn and transported to the laboratory in a 50 l acidcleaned carboy. FLA incubations were carried out at simulated in situ temperatures and light levels in a temperature controlled room in the laboratory. The incubations were conducted in triplicate in 1.1 l Nalgene ® polycarbonate bottles. Experimental water was gently siphoned into the incubation bottles by 11:30 h. FLA were added approximately 1 h after the water had been added to the incubation bottles to allow the grazers to recover from any handling shock. FLA were added to produce a final concentration of approximately 1000 FLA ml -1 . The bottles were gently rotated for 1 min and 125 ml subsampled at 0 and approximately 10, 20, and 30 min and immediately fixed in acid Lugol's at a final concentration of 0.4%. Samples were stored in the dark in glass bottles.
The concentration of FLA at the start of each incubation was determined by flow cytometric analysis of acid Lugol's fixed samples, cleared with a few drops of 5% (w/v) sodium thiosulphate. Counts were performed with a FAC-Sort flow cytometer (Becton Dickinson, Oxford, UK) equipped with a 15 mW laser exciting at 488 nM and a standard filter setup. Parameters were collected as logarithmic signals and graphs drawn and analysed using the WinMDI free software (Joseph Trotter, The Scripps Research Institute [facs.scripps.edu]). A combination of 90°light scatter and green fluorescence was used to distinguish FLA from other particles.
Settled aliquots (50 ml) of the fixed subsamples were analysed using epifluorescence inverted microscopy (Leica DM IRB, with an I3 filter cube [BP 450-490 excitation filter]) to determine the average number of FLA per ciliate at each time point. Prior to settling, a few drops of a 5% (w/v) sodium thiosulphate solution were added to clear the samples. FLA uptake rates were calculated via linear regression analysis to provide per-cell clearance rates. Per-cell clearance rates were multiplied by the empirically derived abundance to provide clearance rates of the total ciliate population and taxon-specific assemblages. The taxonomy, abundance and biovolume of ciliates were determined in the water used for FLA experiments. Ciliates were characterised and enumerated in the same settled samples used to determine FLA uptake rates. Ciliates were identified from cells fixed in acid Lugol's, and their taxonomy was based on the morphological details described by Montagnes & Lynn (1991) . The biovolume of ciliates was determined in acid Lugol's fixed samples using an image analysis system. Cell area and maximum length were used to calculate cell volume assuming appropriate geometric shapes. The biomass of ciliates was calculated from the biovolume using literature values .
RESULTS
Three fjords were sampled in order to maximise the likelihood of observing different portions of plankton community development during a relatively brief window in time. In order of increasing oceanic influence, the basins sampled in Balsfjord, Malangen, and Ullsfjord were 180, 220, and 270 m deep, respectively. All 3 have been described and studied previously, especially Balsfjord (e.g. Skjoldal et al. 1995 and citations therein). The fjords remain ice free throughout the year with minimum temperatures in the surface waters of close to 1°C in February and March (e.g. Eilertsen et al. 1981b) . As is usual in April, all 3 fjords exhibited only slight stratification, primarily in the upper 50 to 100 m. Water temperatures ranged from 1.6 to 2.4, 3.0 to 4.1 and 3.6 to 4.0°C in Balsfjord, Malangen, and Ullsfjord, respectively. Salinities were 33.59 to 33.80, 33.76 to 34.35, and 34.04 to 34.49 PSU in Balsfjord, Malangen, and Ullsfjord, respectively. Densities ranged from 26.86 to 26.98, 26.90 to 27.26, and 27.07 to 27.39 kg m -3 in Balsfjord, Malangen and Ullsfjord, respectively. Inflow events of more saline water were not detected in Malangen or Balsfjord in the first 2 wk of the study but some inflow was evident in Ullsfjord by 25 April. The onset of the spring bloom is considered to be largely a consequence of increasing irradiance (Eilertsen et al. 1981a ). The winter of 1997 was one of near-record snowfall, and snow continued to fall throughout the study period. Despite this, during the 2 1 ⁄2 wk of study, levels of solar irradiance and air temperature rose gradually except for several days of inclement weather on 16 to 18 April (Fig. 2) .
Community composition and primary production

Phytoplankton
The pattern of progression of the 'spring bloom' varied between the fjords. Chl a concentrations at the beginning of the study were similar in all 3 fjords and ranged from 5.4 to 6.3 mg m -3 in surface waters. They reached highest levels in Balsfjord, increasing from 6 mg m -3 on April 8 to 11 mg m -3 on 17 April (Fig. 3) . Integrated concentrations increased from 252 mg m -2 on 8 April to 540 mg m -2 by 17 April (Table 1 ). In contrast, in Malangen, near-surface chl a concentrations (Fig. 3) . Integrated values also decreased, reaching a minimum of 110 mg m -2 on 15 April. In Ullsfjord, chl a concentrations remained relatively constant in surface waters prior to 16 April (Fig. 3) , with higher levels at greater depth accounting for the high integrated values of 426 to 499 mg m -2 (Table 1) . Following the high winds of 17 and 18 April, chl a concentrations dropped in both Balsfjord and Ullsfjord, but had increased by 23 April in Malangen and recovered in Ullsfjord by 25 April (Fig. 3 , Table 1 ).
The phytoplankton community composition can vary considerably among years, from mostly diatoms to mostly Phaeocystis pouchetii to variable mixtures. In April 1997, the 3 fjords exhibited somewhat different phytoplankton communities spanning this range. Diatoms made up the bulk of the phytoplankton biomass in the surface waters of all 3 fjords (Table 1) . Chaetoceros socialis was the most abundant diatom, whilst Thalassiosira nordenskioeldii, T. decipens, C. socialis and other Thalassiosira spp. contributed most to the biomass. In all 3 fjords, photosynthetic nanoplankton 
Bacteria
The mean bacterial cell volume was 0.022 ± 0.007 (SD) µm 3 . Bacteria concentrations were similar among the fjords, varied little over the upper 100 m, and were extremely stable over time (Table 1) . Bacteria varied only from 3.2 to 6.3 × 10 5 cells ml -1 and 5.3 to 11.5 mg C m Table 2 ). The nanoflagellate, dinoflagellate and ciliate populations contributed similar proportions to the total microzooplankton biomass (Table 2) . Nanoflagellates were typically < 8 µm in diameter, mean cell volume was 77 µm 3 and mean abundance was 1.2 × 10 6 cells l . A more detailed investigation of the variation in taxonomy, abundance and biomass of the ciliate populations was made to support the FLA experiments (see 'Results: Herbivory: FLA experiments').
Gross primary production (GPP)
On the first 3 dates of sampling in each fjord, GPP averaged 3690, 2340 and 3230 mg C m -2 d -1 in Balsfjord, Malangen and Ullsfjord, respectively ( sampling resumed on and following the 22 April, GPP had decreased in all 3 fjords. The relatively high GPP in Balsfjord remained constant up to 17 April and resulted in increasing integrated chl a concentrations. In contrast, despite the constant GPP in Malangen, integrated chl a concentrations decreased between 9 and 15 April. In Ullsfjord, the reduced GPP measured on the 16 April may have been the result of particularly low irradiance on that date (Fig. 2) , as high GPP was generated by a similar level of chl a on the previous visits (Table 1) .
Herbivory
Dilution experiments
Three dilution experiments were conducted during the first 3 visits to each fjord (Table 3) . The large size of a high proportion of the phytoplankton is illustrated by the fact that the chl a concentrations measured at the start of the dilution experiments (C 0 , Table 3 ) averaged 25, 50 and 50% of the total measured in near-surface samples (Fig. 3) in Balsfjord, Malangen and Ullsfjord, respectively. Despite the differences in phytoplankton composition, biomass, and their trends over time, measured community growth and grazing rates on phytoplankton that passed through a 200 µm mesh were similar among the fjords. In Balsfjord phytoplankton growth ranged from 0.40 to 0.46 d -1 during 8 to 14 April, whilst chl a production increased from 0.8 to 1.6 mg m -3 (Table 3 ). Microzooplankton removed an average of 68% of this production on the 3 dates. This trend is supported by increases in microzooplankton standing stocks (Table 2 ). In Malangen (Table 3) . Despite a decline in biomass of the microzooplankton (Table 2) ) on the 3 days on which experiments were conducted, amounting to on average 63% d -1 of the chl a production. In Ullsfjord phytoplankton growth ranged from 0.45 to 0.50 d -1 and chl a production was higher than in the other 2 fjords (1.5 to 2.3 µg l -1 d -1
). Microzooplankton removed a slightly lower proportion of the production (average 55% d -1 ) than in the other 2 fjords (Table 3) .
FLA experiments
From the FLA experiments it was possible to distinguish between 5 FLA-consuming and 8 non FLA-consuming taxa (Table 4 ) using acid Lugol's fixed samples. FLA-consuming taxa made up an average of 70% (range 46 to 85%) of the total ciliate abundance, except on 25 April in Ullsfjord, when only 8% of cells belonged to taxa that consumed FLA (Table 5) . Similar taxa were found in the surface waters of each fjord, although the abundance of each taxon varied. Of the 5 taxonomic groups, Strombidium sp. 1 contributed the highest proportion of biomass in most samples, in particular in Balsfjord. Although, the most abundant taxon in Balsfjord was Strombidium spp. 2, possibly comprising more than 1 species of similar size and morphology. Numbers of Strombidium spp. 2 increased throughout the study period from 130 cells l -1 on 8 April to 870 cells l -1 on 24 April, equivalent to 5 and 19% of the total ciliate biomass, respectively. In contrast, the most common FLA-consuming taxa in surface samples from Ullsfjord was a relatively small (Table 4) oligotrich, Lohmanniella spp., which declined from 1610 cells l -1 on 10 April to 660 cells l -1 on 25 April. This amounted to a contribution to total ciliate biomass of between 20 and 1%, respectively. These differences are reflected in the average size of FLA-consuming cells (total biomass/total abundance) in each fjord. Average cell biomass ranged from 2920 to 1620 pg C in Balsfjord, was 1570 pg C in the 2 samples from Malangen and de-34 Table 3 . Results of the dilution experiments showing the growth and grazing mortality of the < 200 µm phytoplankton in surface waters. k = phytoplankton growth coefficient; g = grazing coefficient; C 0 = initial chl a concentration; ĉ = mean chl a concentration = (C t -C 0 )/(lnC t -lnC 0 ); P p = phytoplankton production = (k · ĉ); P c = production consumed = (g · ĉ); P g = % production grazed = (k /g )(100). The r 2 values of the model 1 linear regressions of 10 incubations spanning 5 levels of dilution for each experiment ranged from 0.89 to 0.97 . This equates to a mean relative abundance (FLA plus phototrophic cells of similar size) of 19% (range 10 to 28%). The interpretation of the clearance rates calculated from the FLA experiments assumes that no variations in feeding response in relation to prey density occurred between experiments. In addition, no attempt was made to determine if ciliates discriminated against the FLA compared to natural nanophytoplankton prey. FLA uptake rates by the ciliates were generally linear for ≥ 30 min. Mean cell-specific clearance rates were correlated with ciliate cell size, and ranged from Strombidium sp. 1, which cleared an average of 5.55 µl cell -1 h -1 , to Lohmanniella spp., which cleared an average of 1.31 µl cell -1 h -1 (Table 4 ). The variations in the composition of the ciliate population between fjords are reflected in the relative contributions of the taxa to total clearance rates (Table 5) . In Balsfjord the water cleared each day increased from 43 ml l -1 d -1 on 8 April to 141 ml l -1 d -1 on 24 April (Table 5) . Both Strombidium sp. 1 and Strombidium spp. 2 were major contributors to total ciliate clearance rates. In particular, the clearance rates of the Strombidium spp. 2 population reached a maximum of 82 ml l -1 d -1 on 24 April (Table 5) . Total ciliate clearance rates were similar in Ullsfjord, where a maximum of 90 ml l -1 d -1 was cleared on 13 April. In contrast to Balsfjord, the Lohmanniella sp. population had the highest clearance rates in Ullsfjord, reaching a maximum of 66 ml l -1 d -1 on 13 April (Table 5 ). In the 1 experiment carried out in Malangen total ciliate clearance was low and was 35 Table 5 . Ciliate abundance and clearance rates in near-surface waters used for the FLA experiments. Taxon-specific clearance rates of FLA (mean ± SD) were calculated from the mean abundance and the cell-specific clearance rate from 3 incubations on each date. Exceptions are: *values of cell-specific clearance were calculated from the combined FLA uptake rate of cells in all 3 incubations; **values are based on cell-specific clearance rates calculated on a different date at the same site; ***only 1 incubation was conducted on 23 April, from which the regression of FLA uptake versus time (min) is 0.031 ± 0.000 (SE). The relationship between total FLA uptake cell -1 and incubation time was used to calculate a cell-specific and total clearance for the combined FLA-consuming population. No FLA experiments were conducted on 9, 17 and 25 April (Table 5) . Despite variations in the taxonomy of the primary grazers among sites, the trends in measured clearance rate of the ciliate population are explained to a large extent by the total biovolume of the FLA-consuming taxa (Fig. 4) .
DISCUSSION
The high biomass of microzooplankton (3500 to 7200 mg C m -2 , Table 2 ) in all 3 fjords throughout the first 9 d of the study is an indication of their importance to the structure and function of the planktonic communities.
Microzooplankton impact on phytoplankton production and progression of the bloom
The results of the dilution experiments allow an estimate of the grazing impact of the microzooplankton. From 8 to 16 April, the average microzooplankton ingestion rates in near-surface waters, estimated from 3 dilution experiments at each site, were equivalent to 68, 63 and 55% d -1 of the < 200 µm phytoplankton production (Table 3) . Phytoplankton and microzooplankton biomass remained relatively constant throughout the top 20 m of the water column in all 3 fjords (Fig. 3, Table 2 ). Therefore, it is reasonable to integrate grazing rates measured in the dilution experiments to this depth. Using a microzooplankton biomass-specific rate of ingestion (µg chl a µg C -1 d -1 ) from the dilution experiments, a value for chl a ingestion integrated to 20 m can be calculated and an estimate made of the GPP consumed (Table 6 ). The average integrated ingestion rates of chl a were 18.5 mg chl a m -2 d -1 in Balsfjord and 19.8 mg chl a m -2 d -1 in Ullsfjord, considerably higher than in Malangen, where values averaged 9.0 mg chl a m -2 d -1 (Table 6 ). This level of ingestion represents a similar proportion of on average 13% d -1 of the chl a standing stocks. An upper estimate of phytoplankton carbon can be calculated from POC minus bacterial and microzooplankton biomass. The ingestion of phytoplankton biomass, calculated from the ratio of phytoplankton carbon: chl a, integrated to 20 m, averaged 520, 340 and 710 mg C m -2 d -1 in Balsfjord, Malangen and Ullsfjord, respectively (Table 6) . Eilertsen & Taasen (1984) considered the culmination of the spring bloom in Balsfjord in 1976 to 1978 to be the result of the combined effects of lowered nutrient concentrations, lowered light availability and increased mesozooplankton grazing pressure. Based on information on phytoplankton composition and nutrient concentrations, the spring bloom in Ullsfjord and Malangen appeared to precede that in Balsfjord by approximately 2 wk (Reigstad et al. unpubl.) . Despite this, the growth rates of < 200 µm phytoplankton (k ,  Table 3 ) determined from dilution experiments, were similar among fjords and exceeded the mortality due to microzooplankton grazing (g, Table 3 ) on all the days examined. In Balsfjord phytoplankton biomass (chl a) continued to increase up to 17 April and maintain relatively high gross production (Fig. 3, Table 1 ), even though the grazing pressure by the microzooplankton increased (Tables 3 & 6 ). In Malangen, microzooplankton grazing remained relatively constant and consumed on average 15% d -1 of GPP (Table 6) , which may account in part for the decreasing phytoplankton biomass (Fig. 3, Table 1 ). In Ullsfjord, microzooplankton consumed a higher proportion of the GPP, on average 21% d -1 (Table 6 ), but phytoplankton biomass remained relatively stable from 10 to 16 April (Fig. 3 , Table 1 ). Climatic factors also appeared to play a role in the progression of the bloom in each fjord. The period from 16 to 18 April was a time of poor weather with low irradiances and air temperatures and relatively high winds from the south and west (Fig. 2) . This appeared to cause a decrease in surface chl a concentrations, particularly in Balsfjord and Ullsfjord, possibly due to greater mixing of the water column. However, the large gap in the sampling period, in part due to the weather, makes interpretation of the cause of the changes in biomass and community composition after 17 April unclear. The spring bloom of 1997 was characterised by a low biomass of Phaeocystis pouchetii (Table 1) . For instance, P. pouchetii reached a biomass of between 10 and 100 mg C m -3 and comprised almost 50% of the phytoplankton carbon in the upper waters of Balsfjord in the spring of 1982 (Lutter et al. 1989 ) and 1992 (Riebesell et al. 1995) . The transition from single to colonial growth phase by Phaeocystis has been hypothesised as an adaptation to minimise losses to suspension-feeding zooplankton . The triggers that initiate the transition from solitary to colonial growth phase are not fully understood, although both phosphate and inorganic nitrogen availability (Velhuis & Admiraal 1987 , Riegman et al. 1992 ) and levels of daily irradiance (Peperzak 1993 ) have been implicated. In view of the fact that the phytoplankton assemblages in each of the fjords were dominated by diatoms (Table 1) , the microzooplankton grazing pressure on nanophytoplankton, including single P. pouchetii cells, may have been higher than that on the < 200 µm population as a whole. The high proportion of sedimenting particulate carbon that consisted of diatom cells (18 to 21% at 160 m) during the present study (Reigstad et al. unpubl.) , supports the view that there was a relatively low grazing pressure on the larger components of the phytoplankton. A similarly active microzooplankton population was found during late spring in western Norwegian fjords (Verity & Vernet 1992) . In that case, grazing by < 200 µm microzooplankton generally removed 50 to 100% and 20 to 100% of production by cells <10 and < 2 µm including autotrophic and heterotrophic forms, respectively. Certainly, an active ciliate population able to graze on prey of a similar size to single P. pouchetii occurred in all 3 fjords.
Ciliates and their contribution to the grazing impact
Ciliate ingestion/clearance rates are governed by a complex interplay between encounter rate, capture of prey and handling time which may include a period of assessment, possibly involving chemosensory behaviour, followed by digestion (Verity 1991) . The most likely sources of error in clearance rates determined in the FLA experiments are associated with encounter rate and assessment of prey. In the present study FLA were added at ~1000 cells ml -1 in order to obtain quantifiable uptake rates. This was greater than 10% of the natural concentration of nanophytoplankton cells (data not shown). The functional response of zooplankton to variations in prey concentration is often described by Michaelis-Menten type kinetics, with increasing food concentration resulting in increased ingestion up to a threshold value where saturation occurs (Mullin et al. 1975 , Fenchel 1980 , Verity 1991 , Berges et al. 1994 . The half-saturation values (K m ) for ingestion/growth of grazers are generally close to the concentration of their natural prey, and the relationship between prey concentration and ingestion rate approximates first-order kinetics close to and below K m . Therefore, the addition of FLA may have caused an increase in ingestion rate and an overestimate of clearance rates (MacManus & Okuba 1991) . It is possible that selection by ciliates for or against FLA relative to natural prey occurred in the present study, but it was not tested. However, the uptake rates of FLA by ciliates were generally linear, suggesting that selectivity did not alter over the short duration of the incubations.
In addition to prey concentration and nutritional value, predator size, morphology and temperature are 37 Table 6 . Estimates of the impact of microzooplankton herbivory on the standing stock of chlorophyll a (chl a), phytoplankton carbon, gross primary production (GPP) and the GPP ingested per day as % of microzooplankton (MZP) biomass. All values are integrated to a depth of 20 m. A microzooplankton biomass-specific ingestion rate of chl a from the dilution experiments was used to calculate the integrated chl a ingestion rate. Phytoplankton biomass was calculated from POC (particulate organic carbon) minus bacterial and microzooplankton biomass. This assumes that these 3 components of the plankton made up the total POC. The carbon ingested was calculated from the chl a ingested and values of phytoplankton carbon:chl a on each date. nd: not determined , Table 4 ) are comparable to other in situ rates measured using tracer particles of a similar size at similar concentrations. In tidal creek waters of Georgia, USA, the ciliate community, dominated by choreotrichs, cleared FLA (1 to 2.5 × 10 4 ml -1
) at 1.2 to 8.3 µl cell -1 h -1 (Sherr et al. 1991) . In the Arabian Sea, mean clearance rates of a variety of ciliates ranged from 2.3 to 13.7 µl cell -1 h -1 for 4 to 10 µm FLA during the southwest monsoon period and from 0.2 to 7.3 µl cell -1 h -1 for 2 to 4 µm FLA during the intermonsoon period (Edwards et al. 1999) . The clearance rates of oligotrich ciliates in the northern Baltic Sea ranged from 1.9 to 11.4 µl cell -1 h -1
, when nanosized starch particles were used as prey analogues at concentrations of 1 to 8 × 10 3 ml -1 (Kivi & Setälä 1995) . A volume-specific clearance rate for the FLA-consuming ciliate population of 3.1 × 10 5 volumes h -1 can be calculated from the relationship between biovolume and total clearance rates (Fig. 4) . This is comparable to the volume-specific clearance of the oligotrich ciliate Strombidium sulcatum of 2.0 × 10 5 volumes h -1 measured in culture at 20°C (Fenchel & Jonsson 1988) and to rates determined in coastal waters off Oregon of 0.4 to 4.0 × 10 5 volumes h -1
, using a dual-label isotope technique (Neuer & Cowles 1995) .
The trends in total microzooplankton grazing impact assessed by the dilution approach (Table 3 ) and of the total clearance rates of FLA-consuming ciliates (Table 5) were similar in both Balsfjord and Ullsfjord. This suggests that the behaviour of the FLA-consuming ciliate population is representative of the total microzooplankton population or that a large proportion of microzooplankton grazing is due to the ciliates. The proportion of total microzooplankton grazing attributable to the FLA-consuming ciliate population can be estimated on the 5 dates when both dilution and FLA experiments were carried out. Estimates of the rate of ingestion of < 200 µm chl a (ĉ , Table 3 ) by the FLA-consuming ciliates based on the clearance rates determined in FLA experiments, are 0.09 and 0.31 mg m -3 d -1 in Balsfjord on 8 and 14 April and 0.16, 0.41 and 0.09 mg m -3 d -1 in Ullsfjord on 10, 13 and 16 April, respectively. These ingestion rates are equivalent to 20 and 24% of the total microzooplankton consumption (P c , Table 3 ) in dilution experiments on the same dates in Balsfjord and 23, 29 and 11% on the same dates in Ullsfjord. The values may overestimate the ciliate contribution as they do not account for predator selectivity and assume that clearance of FLA is equivalent to the clearance of chl a of < 200 µm. On the other hand, on average 42% of the total ciliate abundance was made up of taxa that did not ingest FLA (Table 5) , some of which may be bacterivores or may have grazed on components of the phytoplankton not represented by the FLA. Few other direct estimates of the contribution of ciliates to the total grazing impact exist. One approach is to use specific ingestion or growth rates determined in the laboratory to apportion the relative contribution of major groups of microzooplankton. Using this approach, in the phytoflagellate-dominated waters of the North Atlantic in summer the ciliate population generally contributed 15 to 25% of the total microzooplankton ingestion rate , similar to estimates of the FLA-consuming ciliates in the present study. In contrast, in the equatorial Pacific, where small (< 2 µm) cells were the dominant component of the phytoplankton, ciliates were estimated to contribute only 1 to 5% of the total ingestion rate .
Direct measurements of the grazing impact of nanoflagellates and dinoflagellates were not carried out in the present study but some idea of their relative contribution to the microzooplankton grazing impact is possible. Pigmented cells were regularly seen inside the food vacuoles of heterotrophic nanoflagellates, and it is likely that they grazed on the smallest components of the phytoplankton. However, the common taxa observed in the fjords are known to be bacterivorous. The low but uniform bacterial biomass (mean of 8.9 mg C m -3 , Table 1 ) may have been the result of heavy grazing pressure by the nanoflagellate population (mean biomass of 28 mg C m -3 in the upper 20 m, Table 2 ). Bacterial productivity would have had to be high to support a nanoflagellate population of >3 times the biomass of the bacteria in the upper 20 m. Little is known about the rates of bacterial production and fate of that production during the spring bloom in the fjords of northern Norway. Heterotrophic dinoflagellates have been shown to exert an important control on phytoplankton production in other high latitude coastal waters (e.g. Archer et al. 1996 , Tiselius & Kuylenstierna 1996 , Putland 2000 . In the present study heterotrophic dinoflagellates comprised between 24 and 36% of the microzooplankton biomass between 8 and 16 April, similar to that of the ciliates (Table 2) . However, heterotrophic dinoflagellates are generally considered to grow more slowly than ciliates of similar size. For instance, in the Barents Sea the mean potential specific growth rate for a variety of ciliates was estimated to be 0.74 d -1
, compared to 0.25 d -1 for athecate dinoflagellates, at temperatures of -1.8 to 4.0°C (Hansen & Jensen 2000) . If gross growth efficiencies were similar between the 2 groups and heterotrophic dinoflagellate growth rates lower, then the carbon requirements of the dinoflagellate population in the fjords of northern Norway would have been lower than those of the ciliates. The average linear size ratio between predator and optimum prey is approximately 8:1 for ciliates and 1:1 for heterotrophic dinoflagellates, suggesting that the 2 groups do not compete for the same phytoplankton prey . It is likely that dinoflagellates were active grazers of the abundant diatom populations that occurred during the spring of 1997 (Table 1) , and athecate dinoflagellates have been observed feeding on the colonial phase of Phaeocystis (Stelfox-Widdicombe et al. unpubl.) . If nanoflagellates largely consumed bacteria and dinoflagellate carbon requirements were lower than those of ciliates, then the combined nanoflagellate, dinoflagellate and ciliate grazing rates do not match those measured in the dilution experiments. For a variety of reasons it is possible that FLA experiments underestimate clearance rates (see above). Alternatively, the interpretation of dilution experiments relies on several assumptions which if not satisfied may lead to an overestimate of the microzooplankton grazing impact (Landry 1993 and references therein) .
An impression of the potential impact that ciliates had on the Phaeocystis pouchetii populations can be illustrated by comparing the estimates of ciliate ingestion rate with the total standing stock of the P. pouchetii. No information is available on the relative contribution of solitary and colonial cells to the P. pouchetii biomass, but by comparing total standing stocks to ingestion rates a lower limit to the potential grazing impact is illustrated. Using phytoplankton carbon:chl a ratios from values integrated to 20 m on each date (see Table 6 ), the rate of ingestion of < 200 µm chl a (see above) can be converted to carbon ingested. Thereby, carbon ingestion rates in Balsfjord were 2.4 and 8.6 mg C m -3 d -1 on 8 and 14 April and in Ullsfjord were 5.1, 15.4 and 3.3 mg C m -3 d -1 on 10, 13 and 16 April, respectively. These rates exceed the total standing stock of P. pouchetii in Balsfjord (0.5 and 2.0 mg C m -3 ) and are of similar magnitude to P. pouchetii standing stocks in Ullsfjord (8.8, ) ( Table 1) . In addition to the FLA-consuming ciliates, both heterotrophic nanoflagellates and dinoflagellates may have grazed on the solitary cells of P. pouchetii. Although many uncertainties are involved in the estimates, it is feasible that the grazing pressure on single and small colonies of P. pouchetii was high enough to decrease the rate of formation of larger colonial phases and reduce the overall competitiveness of the populations in the spring of 1997.
Potential growth and production of the microzooplankton
On the north Norwegian shelf, total microzooplankton biomass estimated using the same image analysis system as in the present study ranged from 15 to 90 mg C m -3 from March to October (Verity et al. 1999) , comparable to the values observed in the north Norwegian fjords in spring (Table 2) . On the Norwegian shelf, the grazing impact of ciliates and dinoflagellates was estimated to be 37 to 61 g C m -2 (~0.17 to 0.32 g C m -2 d -1 ) during the period from March to October, assuming a growth rate of 0.4 d -1 and a growth efficiency of 0.3 to 0.5 (Verity et al. 1999) . During the same period, heterotrophic nanoflagellates dominated the microzooplankton and were estimated to have ingested 704 to 1170 g C m -2 (3.32 to 5.52 g C m -2 d -1 ). The estimated daily consumption rates in the present study are equivalent to 20-80% of the microzooplankton biomass in the top 20 m (Table 6 ). This represents an average growth rate for the microzooplankton population in the upper 20 m of 0.10 ± 0.05 (SD) d -1
, assuming a gross growth efficiency of 0.3 (Straile 1997) . Microzooplankton biomass remained high throughout the water column in all the fjords (Table 2 ). Bacterial biomass was 1.0 to 1.4 g C m -2 (Table 1) , showed little variation with depth and may have provided a substantial proportion of the heterotrophic protozoan diet in deeper waters. In addition, high vertical export of biogenic matter (0.20 to 0.85 g C m -2 d -1 ), containing a large proportion of phytoplankton carbon, occurred in the spring of 1997 (Reigstad et al. unpubl.) and may have contributed to the diets of microzooplankton below the euphotic zone. Estimates of the total microzooplankton carbon requirements integrated to 170 m, assuming a growth rate of 0.10 (see above) and growth efficiency of 0.3, are 1.58, 1.54 and 2.37 g C m -2 d -1
, averaged over the 3 sampling dates in Balsfjord, Malangen and Ullsfjord, respectively. This is equivalent to a mean of 43, 67 and 76% of the GPP in Balsfjord, Malangen and Ullsfjord, respectively, illustrating the large proportion of phytoplankton production that may be channeled through microzooplankton.
The grazing rates of mesozooplankton in the 3 fjords were comparatively high during the study (Arashkevish unpubl.) . Selective grazing by copepods on microzooplankton in preference to Phaeocystis single cells has been observed in laboratory culture experiments and may be a mechanism by which the grazing pressure on Phaeocystis is reduced (Hansen et al. 1993) . Copepods may select for microzooplankton in their diets because they are more nutritious than the phytoplankton or synthesise essential compounds (Klein Breteler et al. 1999) . A crude approximation of the carbon flow via microzooplankton to metazoan grazers is possible, assuming that the daily ration is equivalent to the production of the larger microzooplankton population. This assumption is supported by the relatively stable microzooplankton standing stocks during the study period ( Table 2 ). The production of heterotrophic dinoflagellates plus ciliates, assuming a specific growth rate of 0.10 d -1 (see above) throughout the depth range and amongst all the components of the microzooplankton, averages 320, 280 and 420 mg C m -2 d -1 in the top 170 m in Balsfjord, Malangen and Ullsfjord, respectively. This is equivalent to a mean of 9, 12 and 12% of the GPP, respectively, illustrating a potentially important link between primary production and higher trophic levels.
